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ABSTRACT 

Measurements with a  counter  t e l e scope  aboard t h e  Pioneer 8 space- 

c r a f t  have i d e n t i f i e d  f l u o r i n e  n u c l e i  i n  t h e  primary cosmic r a d i a t i o n .  

The f luor ineabundance  is  1-2% of oxygen i n  t h e  energy range above 

500 MeV/nuc. This  abundance i s  c o n s i s t e n t  with a  f ragmentat ion o r i g i n  

f o r  t h e s e  n u c l e i  r e s u l t i n g  from t h e  passage of heavier  cosmic rays  

through ". 4 g/cm2 of hydrogen. 

It is  genera l ly  argued t h a t  cosmic ray  p a r t i c l e s  have passed 

through 2. 4 g/cm2 of m a t e r i a l  be fo re  we observe them he re  a t  e a r t h .  

This  i s  c o n s i s t e n t  with t h e  product ion of t h e  app rec i ab le  amount 

of L i ,  Be and B n u c l e i  t h a t  i s  observed. The abundances of o t h e r  

3 
secondary fragmentat ion n u c l e i  such a s  H ~ ,  He a l s o  seem t o  be 

c o n s i s t e n t  with such a  pa th  l eng th .  Recently Fan, Gloeckler and 

Simpson (1968)have repor ted  a  va lue  5 1 . 4  x  10-' f o r  t h e  f l u o r i n e  

t o  oxygen r a t i o  i n  t h e  energy i n t e r v a l  50-120 MeV/nuc. These au tho r s  

and o t h e r s  have pointed out t h a t  t h i s  small  abundance of f l u o r i n e i s  



d i f f i c u l t  t o  r e c o n c i l e  w l t h  t h e  passage  of cosmic r a y s  ( i n  p a r t i c u l a r  

t h e  p r i n c i p a l  p r o g e n i t o r s  of F, t h e  Ne, Mg and S i  n u c l e i )  th rough  any- 

2 
t h i n g  l i k e  4 g/cm m a t t e r .  U n f o r t u n a t e l y  t h e  c r o s s  s e c t i o n s  f o r  t h e  

p r o d u c t i o n  of f l u o r i n e  can o n l y  be  c r u d e l y  e s t i m a t e d ,  C e r t a i n l y  t h e  

< 2 
above e x p e r i m e n t a l  l i m i t  s u g g e s t s  a  p a t h  l e n g t h  'L 0 .5  g/cm a c c o r d i n g  

t o  o u r  c u r r e n t  knowledge o f  t h e  a p p r o p r i a t e  n u c l e a r  s p a l l a t i o n  c r o s s  

s e c t i o n s .  

Th i s  o b s e r v a t i o n  has  l e d  b o t h  t h e  above a u t h o r s  and Burbidge,  

Fowler and Hoyle (1967) t o  c o n s i d e r  "two component" models f o r  t h e  

o r i g i n  of cosmic r a y s .  F i c h t e P  and Reames (1969) have r e c e n t l y  e v a l u a t e d  

t h e  cosmic r a y  p r o p a g a t i o n  problem i n  c o n s i d e r a b l e  d e t a i l  and conc lude  

t h a t ,  u s i n g  our  c u r r e n t  unders tand ing  of t h e  n u c l e a r  s p a l l a t i o n  c r o s s  

s e c t i o n s ,  t h e  two component models a s  fo rmula ted  above do n o t  l e a d  t o  

p r e d i c t i o n s  c o n s i s t e n t  w l t h  of t h e  known exper imenta l  abundances.  

They p o i n t  o u t  t h a t  r h e  one measurement of t h e  F / O  r a t i o  seems t o  b e  

i r r e c o n c i l a b l e  w i t h  a l l  contemporary models f o r  t h e  o r i g i n  and propaga- 

t i o n  of cosmic r a y s .  

The measurement of f l u o r i n e  n u c l e i ,  l y i n g  between t h e  much 

more abundant oxygen and neon n u c l e i ,  1s a n  exper imenta l  accomplish- 

ment r e q u i r i n g  charge  r e s o l u t i o n  of t h e  h i g h e s t  o r d e r *  I n  a d d i t i o n  

t o  t h e  s a t e l l i t e  measurement of Fan e t  a l ,  ( l 9 6 8 ) ,  e a r l i e r  

emuls ion measurements of t h e  f l u o r i n e  abundance a t  b a l l o o n  a l t i t u t d e s  

a r e  summarized by R r i s t i a n s s o n  (1966) . These sugges t  a  F . / O  r a t i o  6, 0 . 1  

2 
a t  a few g/cm dep th  i n  t h e  atmosphere a t  e n e r g i e s  above a  few hundred 

MeV/nuc. The counEer measurements o i  Webber and Ormes (1967) p l a c e  

a n  upper l i m i t  Q 0.05 on t h i s  r a t l o  a t  ,b 4 g/cm2 a tmospher ic  d e p t h .  



The r a t r o s  obtaxned a t  b a l l o o n  a l t n t u d e s  a r e  o b v i o u s l y  l i m i t e d  by 

t h e  c h a r g e  r e s o l u t i o n  d f  che Inssrumencs u s e d .  They a l s o  r e p r e s e p i  

a n  upper  l i m i t  t o  t h e  r a r r o  r n  i n t e r p l a n e t a r y  s p a c e  because  of t h e  

p r o d u c t i o n  of f P u o r ~ n e  r n  t h e  r e s i d u a l  a tmosphere .  

I n  t h i s  paper  we s h a l l  r e p o r t  o b s e r v a t i o n s  of a  f i n i t e  

f l u o r i n e  abundance r n  t h e  energy r a n g e  500 MeV/nuc o b t a i n e d  w i t h  a  

c o u n t e r  t e l e s c o p e  aboard t h e  P i o n e e r  8 s a c e l l i t e -  

The d e t e c t o r  syscem used rs shown r n  F i g a r e  1 It i s  a  6 

e lement  s o l l d  s tare-Cerenkov t e l e s c o p e ,  A t e c h n i q u e  i s  used where- 

by t h e  minlmum p u l s e  from 3 s o l r d  s t a t e  d e t e c t o r s  B B2  and B3 
1 ' 

a r e  s e l e c t e d .  T h ~ s  s i g n i t x c a n t l y  Improves r e s o l u t i o n  over  more 

conventional sys tems ,  The u s e  of a  Cerenkov d e t e c t o r  i n  t h e  two 

d i m e n s ~ o n a l  p u l s e  henght r e p r e s e n t a r i o n  e x t e n d s  t h e  energy r a n g e  

t o  r e l a t i v ~ s c i c  e n e r g i e s  and a l s o  p r o v i d e s  directional in fo rmacfon .  

The u l t i m a t e  u s e f u l n e s s  of any d e t e c t o r  sys tem t o r  s t u d y i n g  t h e  

chemical  composition of eosmic r a y s  and p a r c l c u l a r l y  f o r  f d e n t ~ f y i n g  

a  r a r e  specle t ,  such  a s  f i o u l n n e  depends on  t h e  intrinsic r e s o l u t i o n .  

I n  F i g u r e  2 we show a p u l s e  h e r g h t  maer lx  c o - ~ e u i n g  che  charge  r a n g e  Z = 

6-10 from L 50 days  ubse rv lng  t i m e ,  T h ~ s  i s  s e l e c t e d  from t h e  

h i g h  energy m a t r l x  (Cerenkov o u t p a t  / 0)  and d n s p l a y s  t h e  spect rum 

from 'L 300 MeVlnuc upwards nn energy"  The d e n s i c y  of e v e n t s  a l o n g  

a  g i v e n  "charge  l f n e "  can  be used t o  o b t a i n  t h e  d i f f e r e n t r a l  spec t rum 

i n  t h e  r a n g e  350-1500 MeV/nuc and t h e  n n t e g r a l  in izensr ty  of h i g h e r  

energy p a r t i c l e s .  The p r e s e n c e  o? fluorine n u e l e n  i s  unmnstakable.  

T h ~ s  i s  furizher e s r a b r i s h e d  by consrruirlng pulse he ighc  h i s t o g r a m s  

by making c u t s  p e r p e n d i c u l a r  L O  each ;harp€ l i n e ,  H ~ s t o g r a m s  showfng 



t h e  p resence  of f l u o r i n e  n u c l e i  i n  v a r i o u s  energy i n t e r v a l s  a r e  shown 

i n  F i g u r e  3.  I n  % 50 davs  observing t ime  approximately  50 of t h e s e  

n u c l e i  have been recorded  above L 500 MeV/nuc. Durzng t h e  same t lme  

p e r i o d  Q 2,200 oxygen n u c l e i  were d e t e c t e d .  The averape  F/O r a t i o  is  

t h u s  roughly 2 x = 2 %  o r  Q 1 0  t imes  t h a t  observed by Fan e t  a l .  

(1968) a t  6 100 MeV/nuc. 

A c r u d e  e s t i m a t e  of t h e  c o n t r i b u t i o n  t o  tllc observed f l u o r i n e  a r i s i n g  

from t h e  p r o d u c t i o n  of secondary f l u o r i n e  w i t h i n  t h e  exper iment  t e l e s c o p e  

h a s  been made. The few measured s p a l l a t i o n  c r o s s  s e c t i o n s  f o r  t h e  p r o d u c t i o n  

of f l u o r i n e  i n  hydrogen have been g e o m e t r i c a l l y  e x t r a p o l a t e d  t o  s p a l l a t i o n  

c r o s s  s e c t i o n s  f o r  t h e  p r o d u c t i o n  of f l u o r i n e  i n  s i l i c o n  and copper .  It 

shou ld  be  no ted  t h a t  t h e  i n t e r a c t i o n . n e a n  f r e e  p a t h s  f o r  t h e  p r i n c i p a l  

p r o g e n i t o r  n u c l e i ,  Ne, Mg and S i ,  a r e  " 5 g/cm2 i n  hydrogen and % 40 g/cm 
2  

i n  copper  t h e r e f o r e  t h e  e f f e c t s  of f r a g m e n t a t i o n  i n  t h e  t e l e s c o p e  a r e  much 

reduced over  a n  e q u i v a l e n t  amount of hydrogen. The c a l c u l a t i o n  g i v e s  a  

secondary c o n t r i b u t i o n  of < 10% of t h e  observed f l u o r i n e .  Thus t h e  (dominant) 

f r a c t i o n  of t h e  f l u o r l n e  w e  o b s e r v e  must b e  p r e s e n t  i n  t h e  g a l a c t i c  radiation, 

It i s  p o s s i b l e  t o  examine t h e  F/O r a t i o  a s  a  f u n c t i o n  of enerpy by 

u n f o l d i n g  t h e  energy spectrum of t h e s e  n u c l e i  from t h e  p u l s e  h e i p h t  d i s t r i b u -  

t i o n .  The F and O d i f f e r e n t i a l  s p e c t r a  a s  w e l l  a s  t h e  F/O r a t i o  which we 

d e r i v e  above 500 MeV/nuc a r e  p r e s e n t e d  i n  F i p u r e  4 .  The p o i n t s  a t  % 5 BeV/ 

nuc a r e  o b t a i n e d  from t h e  i n t e p r a l  i n t e n s i t y  p o i n t s  2 BeV/nuc by assum- 

- 2 . 5  
i n g  d i f f e r e n t i a l  s p e c t r a  

% E~ 
Tile P ioneer  8  F/O r a t i o  IS always 

l a r g e r  t h a n  t h a t  observed by Fan e t  a l .  (1968) a t  lower e n e r g i e s ;  however, 

because  t h e  two s e t s  of  measurements do n o t  a c t u a l l y  o v e r l a p  i n  energy 

i t  i s  n o t  necessarr i ly  obvious t h a e  t h e )  a r e  c o n t r a d i c t o r y .  

We s h a l l  now t r y  and r e l a t e  t h i s  measurement w i t h  t h e  h y p o t h e s i s  



t h a t  f l u o r i n e  1s c r e a t e d  a s  s e c o n d a r i e s  f r o m  t h e  f r a g m e n t a t i o n  of 

h e a v i e r  n u c l e l  - principally Ne, Mg, S i  i n  hydrogen, We have a l r e a d y  

i n d f c a t e d  t h a t  t h e  r e l e v a n t  fragmentation paramete rs  c a n  b e  o n l y  

c r u d e l y  e s t i m a t e d  s o  t h e  r e s u l t i n g  c o n c l u s i o n s  must n e c e s s a r i l y  b e  

l i m i t e d .  The s o l e  c o n s t l t u a n t  of cosmic ray  f l u o r i n e  must b e  F 
19 

s i n c e  t h i s  i s  t h e  on ly  s t a b l e  i s o t o p e .  The c r o s s  s e c t i o n s  f o r  

r e a c t i o n s  l e a d i n g  t o  E'18 a r e  t h e  o n l y  ones  measured t o  d a t e ,  however 

c r o s s  s e c t i o n s  l e a d i n g  t o  F" shou ld  be  expected t o  b e  s i m i l a r  

(Burbidge,  e t  a l , ,  l 9 6 7 ) ,  The a v a i l a b l e  c r o s s  s e c t i o n s  t o  P 
1 8  

summarized by F i c h t e l  and Reames, (1969) and Cowsik e t  a l , ,  (1969) 

g i v e  a  F/O r a t i o  = 0.5% p e r  ,g/cm2 of hydrogen a t  an  energy of 

approximately  150 MeV, About 60% of t h i s  f l u o r i n e  i s  s u p p l i e d  by 

i n t e r a c t i o n s  of N e  which h a s  a c r o s s  s e c t i o n  f o r  p r o d u c t i o n  of 

f l u o r i n e  of % 30 mb a t  t h i s  energy.  On t h e  b a s i s  of t h e  behav iour  

of o t h e r  analogous one nuc leon  s t r i p p i n g  c r o s s  s e c t i o n s  w i t h  energy 

12 
(eg C (p ,  p n ) ~ l l )  t h e  F / O  r a t i o  would be expected t o  b e  somewhat 

l e s s  a t  h i g h e r  e n e r g i e s ,  

The observed F./O r a t l o  i s  t h u s  c o n s i s t e n t  w i t h  t h e  passage  of 

2 
h e a v i e r  cosrnlc r a y s  through 4 g/cm of m a t e r i a l  i n  agreement w i t h  

t h e  c u r r e n t  interpretation of t h e  abundance of Lx, Be and B n u c l e i .  

Our c o n c l u s i o n  musc t h e r e f o r e  necessarily b e  d i f f e r e n t  t h a n  t h a t  

of Fan e t  a l . ,  (196%) i n  t h l s  r egard  a l t h o u g h  a s  po in ted  o u t  

e a r l l e r  s i n c e  t h e  measurements do n o t  o v e r l a p  i n  energy l t  i s  n o t  

n e c e s s a r r l y  o b v ~ o u s  r h d t  they a r e  c o n t r a d r c ~ o r y ,  I f  o u r  observations 

a r e  t a k e n  a l o n g  wrth  t h o s e  of t h e  Chrcago g r o u p  they  ~ a d r c a t e  an  

a b r u p t  d e c r e a s e  I n  t h e  F/O r a t l o  a t  low energies, Such a  v a r i a t i o n  



i s  no t  i n  accord wi th  our  understanding of t h e  v a r i a t i o n  i n  f ragmenta t ion  

c r o s s  s e c t i o n s  f o r  t h e  product ion of f l u o r i n e  n u c l e i  wi th  energy. 

It should b e  noted,  however, t h a t  c e r t a i n  propagat iona l  e f f e c t s  

can a l s o  produce a marked v a r i a t i o n  of charge r a t i o s  wi th  energy. 

I n  p a r t i c u l a r  t h e  exponent ia l  pa th  l e n g t h  d i s t r i b u t i o n  model of 

Cowsik e t  a l . ,  (1967) w i l l  produce a dec rease  i n  t h e  F/O r a t i o  

% a f a c t o r  of 4 a t  low energ ies  even i f  t h e  fragmentat ion c r o s s  sec- 

t i o n  is  taken  t o  be  cons tan t  wi th  energy. Th i s  same model p r e d i c t s  

a s t r o n g  v a r i a t i o n  of t h e  L/M r a t i o  wi th  energy, however, t h a t  i s  

not  observed (von Rosenvinge e t  a l . ,  1969).  

Fur ther  observa t ions  on f l u o r i n e  and o t h e r  odd n u c l e i  wi th  

charge > 1 0  a r e  i n  progress  and should he lp  t o  extend the  d a t a  

r epo r t ed  here .*  

*At t h e  November, 1968 APS meeting i n  Miami D r .  John Simpson 

presented a pre l iminary  f l u o r i n e  measurement from t h e  Univers i ty  of 

Chicago Imp I V  experiment which g ives  a P/O r a t i o  % a t  low 

- 3 
ene rg ie s  a s  opposed t o  t h e  Imp 111 measurement of % 1 0  mentioned 

i n  t h e  t e x t  of t h i s  paper.  This  l a t e s t  measurement would remove any 

c o n f l i c t  which may e x i s t  between t h e  Minnesota and Chicago f l u o r i n e  

measurements as presented here .  
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